Intestinal bacteria may modulate the risk of infection and graft-versus-host disease (GVHD) after allogeneic hematopoietic stem cell transplantation (allo-HSCT). Allo-HSCT recipients often develop neutropenic fever, which is treated with antibiotics that may target anaerobic bacteria in the gut. We retrospectively examined 857 allo-HSCT recipients and found that treatment of neutropenic fever with imipenem-cilastatin and piperacillintazobactam antibiotics was associated with increased GVHD-related mortality at 5 years (21.5% for imipenemcilastatin-treated patients versus 13.1% for untreated patients, P = 0.025; 19.8% for piperacillin-tazobactam-treated patients versus 11.9% for untreated patients, P = 0.007). However, two other antibiotics also used to treat neutropenic fever, aztreonam and cefepime, were not associated with GVHD-related mortality (P = 0.78 and P = 0.98, respectively). Analysis of stool specimens from allo-HSCT recipients showed that piperacillin-tazobactam administration was associated with perturbation of gut microbial composition. Studies in mice demonstrated aggravated GVHD mortality with imipenem-cilastatin or piperacillin-tazobactam compared to aztreonam (P < 0.01 and P < 0.05, respectively). We found pathological evidence for increased GVHD in the colon of imipenem-cilastatin-treated mice (P < 0.05), but no difference in the concentration of short-chain fatty acids or numbers of regulatory T cells. Notably, imipenem-cilastatin treatment of mice with GVHD led to loss of the protective mucus lining of the colon (P < 0.01) and the compromising of intestinal barrier function (P < 0.05). Sequencing of mouse stool specimens showed an increase in Akkermansia muciniphila (P < 0.001), a commensal bacterium with mucus-degrading capabilities, raising the possibility that mucus degradation may contribute to murine GVHD. We demonstrate an underappreciated risk for the treatment of allo-HSCT recipients with antibiotics that may exacerbate GVHD in the colon.
INTRODUCTION
Systemic bacterial infections are potentially life-threatening and occur commonly in patients undergoing allogeneic hematopoietic stem cell transplantation (allo-HSCT), particularly early after allo-HSCT during the period of neutropenia (1, 2) . When these patients develop neutropenic fever, treatment by rapid administration of empiric antibiotics that target Gram-negative bacteria has been shown to reduce mortality (3) (4) (5) . Potential late effects of antibiotic treatment on the frequency and severity of downstream complications after allo-HSCT have not been well studied. In particular, effects of various antibiotics on graftversus-host disease (GVHD), an inflammatory condition that results from the donor immune system recognizing the transplant recipient's tissues as foreign, are not well understood.
The intestinal microbiota consists of diverse bacterial taxa that contribute to host health through a variety of functions (6, 7) . Several studies have indicated that anaerobes in the intestine, including clostridial species, are important mediators of intestinal homeostasis. An experimental consortium of intestinal bacteria from the order Clostridiales can prevent inflammation by a variety of mechanisms, including induction of intestinal regulatory T cells (8) (9) (10) . Development of GVHD results in major changes in the intestinal microbiota that are characterized by bacterial shifts from Clostridiales to Lactobacillales or Enterobacteriales (11) (12) (13) (14) . Several studies have demonstrated that commensal bacteria can be potent modulators of the severity of GVHD (11) (12) (13) 15) . Our group recently reported that the loss of intestinal bacteria from the genus Blautia, a prominent member of Clostridiales from human intestinal flora, is associated with increased mortality from GVHD (16) .
When empirically treating neutropenic fever, clinicians can select from several antibiotics. Whereas in some cases choice of antibiotic is dictated by localizing symptoms or known drug allergies, in most patients, several options are considered equally effective. Despite clinical equivalency in treating neutropenic fever, these antibiotics vary considerably in the strength of their activity against anaerobic commensals. We hypothesized that treatment with an antibiotic that spares anaerobic bacteria may minimize loss of potentially beneficial intestinal commensal bacteria and reduce the risk of severe GVHD. We identified a cohort of 857 recipients of T cell-replete allografts transplanted at our center and evaluated the cohort for associations among individual antibiotic treatments and GVHD-related mortality. Furthermore, using a murine model of allo-HSCT, we examined the impact of four different antibiotics used to treat neutropenic fever on the severity of GVHD.
RESULTS
Treatment with antibiotics with activity against anaerobes correlates with increased GVHD-related mortality and altered intestinal microbiota in allo-HSCT patients with neutropenic fever We began by determining whether the use of certain antibiotics in the peritransplant setting was associated with clinical differences in GVHD-related mortality. At our center, as at many bone marrow transplant centers, efforts are made to adhere to practice guidelines, including standard prophylactic and empiric antibiotic treatments. However, there remains considerable heterogeneity in the antibiotics that allo-HSCT patients receive, because of multiple factors including patients who are allergic or intolerant to certain medications, differences in conditioning regimen intensity, and clinical variability in transplant courses with respect to duration and severity of neutropenia, fevers, and infections. We examined 857 adult recipients of allo-HSCT transplanted at our center from May 1992 to July 2015. Recipients of T cell-depleted allografts were excluded, given their reduced risk for GVHD. The overall incidence of GVHD-related mortality was 14.9% at 5 years. Clinical characteristics are provided in Table 1 .
We identified the 12 most frequently administered antibiotics given between days −7 and +28 relative to allo-HSCT ( Table 2 ). The first and second most commonly administered antibiotics in this patient population were intravenous vancomycin and intravenous ciprofloxacin, respectively, which was congruent with our institutional standard prophylactic antibiotic regimen being the combination of intravenous vancomycin and intravenous ciprofloxacin since 2006 (17) . For each antibiotic, we stratified patients into two cohorts: one consisting of patients who had been treated with that antibiotic and a second cohort who had not been treated. We then compared the cumulative incidence of GVHD-related mortality for the two cohorts and evaluated them for potential differences using the Gray's test. We found that of the 12 antibiotics evaluated in this manner, the two most significantly associated with a difference in GVHD-related mortality were piperacillintazobactam (P = 0.007) and imipenem-cilastatin (P = 0.025) ( Table 2) . Table 1 . Clinical characteristics of 857 allo-HSCT patients transplanted at Memorial Sloan Kettering Cancer Center. NHL, non-Hodgkin's lymphoma; AML, acute myeloid leukemia; CML, chronic myelogenous leukemia; MDS, myelodysplastic syndrome; MPD, myeloproliferative disorder; ALL, acute lymphoblastic leukemia; CLL, chronic lymphocytic leukemia; HLA, human lymphocyte antigen.
Dates of transplant
May 1992-July 2015
At our institution, piperacillin-tazobactam has been the standard firstline antibiotic for empiric treatment of neutropenic fever since 2002, whereas imipenem-cilastatin is commonly used as a second-line treatment for neutropenic fever in patients with microbiological evidence of resistance to first-line treatment, as well as those with persistent fevers or clinical worsening of symptoms. Each treatment was associated with increased incidence of GVHD-related mortality (Fig.  1A) . Treatment with cefepime and aztreonam, which are both used as alternative first-line treatments for neutropenic fever in patients with penicillin allergies, was not associated with differences in GVHD-related mortality (P = 0.98 and P = 0.78, respectively; Fig.  1A and Table 2 ). We then evaluated the relationship between treatment with each of these four antibiotics and clinical GVHD grades 2 to 4 [on a standardized scale of 1 to 4, with grade 4 being the most severe (18)], and found that treatments with piperacillin-tazobactam and imipenem-cilastatin were both associated with an increased incidence of grades 2 to 4 clinical GVHD (P = 0.0167 and P = 0.0165, respectively; Fig. 1B ). Additionally, exposure to piperacillin-tazobactam and imipenem-cilastatin was significantly associated with an increased incidence of upper gastrointestinal (GI) GVHD (P = 0.002 and P = 0.045, respectively; Fig. 1C and Table 3 ) and lower GI GVHD (P = 0.019 and P = 0.036, respectively; Fig. 1D and Table 3 ), which is the most common life-threatening form of GVHD. Notably, piperacillin-tazobactam and imipenem-cilastatin are both highly active against obligately anaerobic bacteria, whereas cefepime and aztreonam have reduced activity against anaerobes (19) . Thus, these results suggested that differences in the spectrum of activity of antibiotics used to treat neutropenic fever might modulate the subsequent frequency and severity of GVHD.
To further evaluate an association between antibiotic spectrum of activity and GVHD-related mortality, we examined a subset of patients who all received treatment for neutropenic fever and compared patients who were treated with the first-line antibiotics imipenemcilastatin or piperacillin-tazobactam (n = 306) with patients who were treated with the first-line antibiotics aztreonam or cefepime (n = 77). We found that the first group exhibited increased GVHD-related mortality (P = 0.029), although we did not detect a change in overall survival (P = 0.87; Fig. 1E ). Univariate analyses including previously identified GVHD risk factors revealed that antibiotic treatment with either aztreonam or cefepime was significantly associated with a decreased risk of GVHD-related mortality in this data set (Table 4) , suggesting that the type of antibiotic exposure may be a predictor of GVHD-related mortality. We also performed a multivariate analysis evaluating the association of the type of antibiotic exposure with GVHD-related mortality while adjusting for GVHD risk factors associated with GVHD-related mortality in our patient group using a significance criterion of P < 0.05. We found that antibiotic exposure to either aztreonam or cefepime remained significantly correlated with reduced GVHD-related mortality (P = 0.048) after adjusting for conditioning regimen intensity (Table 4) . These results support the possibility that selecting antibiotics that preserve anaerobic commensal bacteria may reduce the risk of GVHD. An alternative hypothesis would be that patients with a history of allergies to penicillins (who are thus more likely to receive cephalosporins or aztreonam instead of penicillins and carbapenems) may be protected against GVHD, although this seems to have less biological plausibility.
We then determined how the degree of antibiotic activities against anaerobes would affect the intestinal bacterial composition of allo-HSCT patients. We used 16S ribosomal RNA (rRNA) gene deep sequencing analysis of our stool specimen bank, which consisted of specimens prospectively collected weekly from patients undergoing allo-HSCT at our center beginning in 2009. From this specimen bank, we identified pairs of stool specimens from allo-HSCT patients collected before and after initiation of a specific antibiotic treatment. Representative cases of patients treated for neutropenic fever, as well as patients who did not require therapeutic antibiotics (but did receive prophylactic antibiotics), are shown in fig. S1 (A to F). We identified 22 instances where microbiota analyses were available from patients who had begun aztreonam or cefepime therapy and 106 instances where patients had begun piperacillin-tazobactam therapy. We quantified and compared the fold change in abundance of major subsets of intestinal microbiota with these two treatments and found that piperacillintazobactam therapy was associated with a greater loss of Bacteroidetes and Lactobacillus, whereas the fold change in abundance of Enterococcus, Akkermansia, and Erysipelotrichia was similar; Clostridia and Actinobacteria trended toward showing a decrease after piperacillin-tazobactam treatment, although this did not meet strict statistical significance after correction for multiple comparisons (Fig. 1F) . Overall, these results demonstrated that piperacillin-tazobactam treatment resulted in larger losses of several major subsets of intestinal bacterial populations. We were unfortunately unable to assess the effects of imipenemcilastatin in our patients, because at our center, imipenem-cilastatin is almost uniformly administered to allo-HSCT patients as second-line therapy for neutropenic fever after previous treatment with piperacillintazobactam, cefepime, or aztreonam.
Treatment with piperacillin-tazobactam or imipenem-cilastatin disrupts the intestinal microbiota and exacerbates GVHD in mice To further explore potential causality and mechanisms of the effects of antibiotics with anaerobic activity on GVHD, we used murine models of allo-HSCT. We first treated healthy C57BL/6 mice with aztreonam, cefepime, imipenem-cilastatin, and piperacillin-tazobactam. Mice were treated by subcutaneous (sc) injections of each antibiotic twice a day for 2 days (500 mg/kg for piperacillin-tazobactam and 100 mg/kg for others), and stool specimens were collected, followed by 16S rRNA gene amplification and sequence analysis. We found that systemic treatment with imipenem-cilastatin reduced the abundance of Clostridiales and increased that of Erysipelotrichia and Enterococcus, whereas treatment with aztreonam or cefepime spared Clostridiales ( Fig. 2A) . Treatment with piperacillin-tazobactam resulted in no amplifiable bacterial DNA after 2 days of treatment, indicating near-complete decontamination in mice.
We next investigated the effects of antibiotic treatment in a clinically relevant major histocompatibility complex (MHC)-matched minor antigen-mismatched allo-HSCT mouse model (C57BL/6 into 129S1). Lethally irradiated 129S1 recipients were transplanted with C57BL/6 T cell-depleted bone marrow cells and 1 × 10 6 C57BL/6 splenic T cells. Recipients were treated with either aztreonam, cefepime, imipenem-cilastatin, or piperacillin-tazobactam (100 mg/kg, sc) three times per week starting on day 10 after allo-HSCT. Remarkably, we observed significantly increased mortality in piperacillin-tazobactamtreated (P < 0.05, compared to aztreonam) and imipenem-cilastatintreated (P < 0.01, compared to aztreonam) recipients within 2 weeks upon starting treatment (Fig. 2B) . These results suggested that in the setting of allo-HSCT, treatment with piperacillin-tazobactam or imipenem-cilastatin aggravated GVHD severity.
We performed additional murine experiments comparing the differences between aztreonam and imipenem-cilastatin, given that these two antibiotic treatments produced the most distinct phenotypes in terms of GVHD severity. We found that imipenem-cilastatin treatment of mice with GVHD reproducibly resulted in shortened survival compared to aztreonam treatment (Fig. 2C ). Control recipients who underwent allo-HSCT in the absence of GVHD showed 100% survival with both antibiotic treatments, indicating that imipenem-cilastatin itself did not have adverse effects on bone marrow engraftment or survival after myeloablative irradiation. Histological examination of GVHD target organs on day 21 after allo-HSCT (11 days after starting antibiotic therapy) revealed that increased GVHD pathology was present in mice treated with imipenem-cilastatin. This was localized to the colon ( Fig. 2D and fig. S2 ), whereas other common GVHD target organs including the skin, liver, and small intestine showed no significant differences in the degree of inflammation and damage.
Imipenem-cilastatin treatment boosts donor CD4 + T cells, interleukin-23 production, and granulocyte number in mouse colon To explore additional mechanistic aspects by which imipenem-cilastatin treatment can aggravate GVHD after allo-HSCT, we characterized immune cell populations in the colons of mice with GVHD on day 21. Flow cytometric analysis of the colon lamina propria leukocytes showed increased donor effector CD4 + T cells (CD25 (Fig. 3A) . We did not observe any significant differences in CD8 + T cells, CD4 + FoxP3 + regulatory T cells, or other immune cell populations that can play a role in the setting of GVHD in the colon ( fig. S3 and table S1). We further performed multiplex cytokine analysis on serum and homogenates of small intestine and colon and found that interleukin-23 (IL-23) was significantly increased in the colon of recipients treated with imipenem-cilastatin (P < 0.05; Fig. 3B and fig. S4 ). IL-23 signaling has been identified as an important mediator of GVHD specifically in the colon (20, 21) , corroborating our finding that imipenemcilastatin treatment is associated with increased colonic GVHD and elevated IL-23 within the colon. Previous studies have identified two colonic myeloid populations, macrophages (CD11b + CD11c − ) and dendritic cells (CD11b + CD11c + ), to be important sources of IL-23 in the setting of GVHD (20, 21) . To determine the source of increased IL-23 in the setting of imipenem-cilastatin treatment, we used a mixture of CD11b and CD11c magnetic beads to enrich colonic lamina propria leukocytes into two fractions, one CD11b-and CD11c-depleted (CD11b . Quantitative real-time PCR (polymerase chain reaction) showed that IL-23 was highly expressed in the population enriched for CD11b and CD11c in imipenem-cilastatintreated mice (Fig. 3C) , indicating that imipenem-cilastatin treatment augmented IL-23 expression in macrophages and/or dendritic cells in recipients with GVHD. We also looked for evidence of increased IL-23 signaling and found that donor T cells infiltrating the colon of imipenem-cilastatin-treated recipients indeed showed significantly higher levels of phosphorylated signaling adapter molecule signal transducer and activator of transcription 3 (STAT3) (P < 0.001; Fig. 3D ). Although the IL-23 pathway is only one of many pathways that signal through STAT3, together these results support the possibility that IL-23 signaling in donor T cells is increased in the colon of GVHD mice treated with imipenem-cilastatin.
Next, we performed RNA sequencing of transcripts purified from colonic tissue of recipients treated with imipenem-cilastatin or aztreonam collected on day 16 after allo-HSCT. We observed increased expression of Ngp, Stfa2l1, Mmp8, S100a8, and S100a9 in imipenem-cilastatin-treated recipients (Fig. 3E ). These genes are highly expressed by granulocytes, suggesting that there may be greater infiltration of the colon by granulocytes in allo-HSCT recipients with GVHD treated with imipenem-cilastatin versus aztreonam, which we were able to directly confirm by histology (Fig. 3F) . Neutrophil infiltration in the intestine has recently been found to contribute to GVHD pathophysiology (22) . We additionally observed that the colon of recipients with GVHD treated with aztreonam versus imipenem-cilastatin showed enrichment for transcripts normally expressed by B cells (Fig. 3E) , suggesting increased numbers of B cells within the colon, and this was also confirmed by histology (Fig. 3F) .
Imipenem-cilastatin treatment of mice with GVHD resulted in an increase in the Akkermansia strain in the colon 16S rRNA gene sequencing of stool specimens from mice with GVHD followed by principal component analysis indicated that aztreonam and imipenem-cilastatin therapy led to distinct patterns of gut microbiota composition (Fig. 4A) . The taxa that best explained the differences between these groups, as assessed by linear discriminate analysis of effect size (LEfSe) (23) , are depicted in Fig. 4 (B and C) . Allo-HSCT mouse recipients with GVHD treated with imipenem-cilastatin compared to aztreonam showed a loss of Clostridiales. We also observed a consistent expansion of Akkermansia muciniphila in these animals (Fig. 4, D and E, and fig. S5 ). Clostridiales have notably been identified as major producers of short-chain fatty acids (SCFAs) (10, 24) , which are bacterial fermentation products that play an important role in 
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Relative species abundance Amuc_0953 (a sulfatase) and Amuc_2164 (a glycosyl hydrolase) are two predicted secreted mucolytic genes found in the genome of A. muciniphila ATCC BAA-835, isolated from human feces. **P < 0.01 by Mann-Whitney U test. maintaining colonic homeostasis and health (25, 26) . Despite large differences in the abundance of Clostridiales, we observed no significant changes in the amounts of SCFAs in the colon comparing specimens from recipients treated with aztreonam or imipenem-cilastatin ( fig. S6) .
To acquire greater resolution of the bacterial composition between aztreonam-and imipenem-cilastatin-treated murine specimens, we performed metagenomic shotgun sequencing with stool collected on day 21 after allo-HSCT. We found that, concordant with the 16S sequencing results, imipenem-cilastatin but not aztreonam treatment resulted in an increased abundance of A. muciniphila (Fig. 4F) . However, as the largest percentage of reads from the analysis were determined to be unclassified, it is possible that additional significant differences in bacterial species composition exist between the two antibiotic treatment types. Metagenomic shotgun sequencing analysis also revealed differences in gene content between microbiota specimens from mice treated with aztreonam and imipenem-cilastatin, depicted by principal component analysis of gene orthologs (Fig. 4G) . LEfSe analysis of gene pathways indicated that the microbiota genes in mice treated with imipenem-cilastatin were enriched for processes including lipopolysaccharide synthesis, and relatively depleted in several processes including D-alanine metabolism ( fig. S7 ). Lipopolysaccharide is well known for inducing a proinflammatory cascade in many disease processes including GVHD (27) , whereas reductions in D-alanine content of lipoteichoic acid can enhance the antiinflammatory properties of lactobacilli (28, 29) .
As mentioned above, we detected an increase in A. muciniphila in the flora of imipenem-cilastatin-treated mice using 16S rRNA deep sequencing (Fig. 4E) . This bacterium has the ability to degrade mucus as a carbohydrate source (30, 31) . Using our metagenomic shotgun sequencing results, we determined whether genes predicted to encode secretory mucolytic enzymes were differentially present in mice treated with each antibiotic. The identification and characterization of bacterial mucolytic enzymes are still a young field, but a recent study examined the whole genomic sequence of A. muciniphila (ATCC BAA-835), isolated from human feces (31) . The authors identified two strong candidates for mucus degradation: Amuc_0953 (a sulfatase) and Amuc_2164 (a glycosyl hydrolase), which both contained predicted secretory signal peptide cleavage sites as well as predicted mucin-binding domains. We quantified the presence of sequences with homology to these two genes and found that both were markedly enriched in specimens from imipenem-cilastatintreated mice (Fig. 4H) . We then sought to characterize the mucus layer of the colon in antibiotic-treated transplanted mice. Using periodic acid-Schiff staining, we observed a marked reduction in the thickness of the mucus layer in recipients treated with imipenem-cilastatin on day 21 compared to aztreonamtreated recipients (Fig. 5, A and B) . No differences in the numbers of mucus-producing goblet cells between aztreonam-and imipenem-cilastatintreated recipients were seen, suggesting that mucus production was not impaired (Fig. 5C) . Moreover, by using a general bacterial 16S rRNA probe (EUB338) (32) coupled with MUC2 staining, we directly visualized the inner mucus layer in the colon of antibiotic-treated recipients and confirmed a marked thinning of the mucus layer of mice treated with imipenem-cilastatin. Markedly, we also observed dissemination of bacteria past the colonic epithelial barrier in histopathology specimens from imipenem-cilastatin-treated mice (Fig. 5D) , whereas this was not seen in aztreonam-treated mice. We further assessed epithelial barrier function in recipients by performing oral administration of fluorescein isothiocyanate (FITC)-dextran, a poorly absorbed carbohydrate that can enter the bloodstream if the epithelial barrier has been compromised. Consistent with the pathological findings mentioned above, we detected a greater amount FITC in the serum of imipenem-cilastatin-treated mice as early as 5 days after initiation of antibiotics (Fig. 5E ), indicating greater loss of gut integrity in these recipients. Together, these results demonstrate that imipenem-cilastatin treatment can exacerbate GVHD through a combination of factors including compromised barrier function with thinning of the protective mucus layer and reduced numbers of colonic B cells, increased infiltration of granulocytes, elevated IL-23 production, and increased numbers and activation of donor effector CD4 + T cells.
DISCUSSION
In the past, the use of broad-spectrum antibiotics in allo-HSCT recipients had been thought to be protective against GVHD. Broad-spectrum combinations were administered with the goal of complete gut decontamination, and this was associated with reduced GVHD in mouse models (33) and in some (34, 35) , although not all, clinical studies (36) (37) (38) . Similarly, the addition of metronidazole to ciprofloxacin resulted in reduced GVHD in a small randomized study (39) , lending support to the hypothesis that intestinal bacteria contribute to GVHD pathophysiology. A series of recent studies, however, have described a different association, in which allo-HSCT recipients who sustain more pronounced microbiota injury are more likely to develop severe GVHD (12, 14, 16, 40) . Microbiota injury has been observed in several ways, including expansion of commensal Enterococcus species (12), loss of overall diversity (14) , reduction in commensals from the genus Blautia, a member of the order Clostridiales (16) , and most recently, low concentrations of indole, a by-product of tryptophan metabolism produced by intestinal bacteria that can be quantified in the urine in the form of 3-indoxyl sulfate (40) . Consistent with these reports, here, we demonstrate that use of antibiotics with a broader spectrum of activity, such as piperacillintazobactam or imipenem-cilastatin, leads to increased microbiota injury and increased GVHD severity.
A full explanation has yet to be revealed for the seeming inconsistencies between early studies and more recent studies, but one possible contribution could be the rise of antibiotic-resistant bacteria including resistant enterococci, which can make successful gut decontamination difficult to achieve. Increases in the frequency of colonization with resistant organisms have been observed in allo-HSCT recipients over time (41, 42) . A recent study found that gut decontamination was unsuccessful in nearly half of the patients where it was attempted. Successfully decontaminated patients had a much lower incidence of acute GVHD compared to unsuccessfully decontaminated patients (35) .
An important limitation of our clinical analysis is the retrospective, single-center nature of the approach. Although our results demonstrate associations between antibiotic treatment and clinical GVHD outcomes, we have not addressed or demonstrated causality. It would thus be interesting to see whether the findings can be confirmed retrospectively by other transplant centers and, more importantly, confirmed in a prospective clinical trial.
Here, we demonstrate that different antibiotics used to treat neutropenic fever in allo-HSCT recipients have different effects on intestinal microbiota composition, both in patients and in mouse models. We also identified several important changes produced by imipenemcilastatin treatment in mice with GVHD, including severity of GVHD in the colon, inflammatory changes, and breakdown of the protective colonic mucus barrier. We found that the colons with GVHD pathology from imipenem-cilastatin-treated mice showed increased infiltration of effector CD4 + T cells, whereas there was no increase in CD8 + T lymphocytes, which are classically associated with acute GVHD and thought to be the primary mediators of alloreactive cytotoxicity (43) . This could be related to the increase we observed in IL-23 expressed by colonic myeloid cells, because IL-23 receptor is highly expressed by colon-infiltrating CD4 + T cells in settings of intestinal inflammation, including both colitis (44) and GVHD (20) . Consistent with this, others have found that CD4 + T cells are also capable of mediating alloreactivity, a phenomenon that to a degree is model-dependent (45, 46) . RNA sequencing, followed by fluorescence microscopy, demonstrated increased colonic B cells in mice treated with aztreonam versus imipenem-cilastatin in the setting of GVHD. It is likely that this preservation of colonic B cells in aztreonam-treated mice is a reflection of reduced GVHD severity. Loss of B cells is an indicator of GVHD involvement of the bone marrow and has been observed both in mice and patients (47) (48) (49) . Persistent B cell aplasia can signal ongoing GVHD (49); thus, increased colonic B cells in aztreonam-treated mice may reflect improved reconstitution of B cells in the setting of reduced GVHD or alternatively could reflect improved preservation of normal intestinal immune homeostasis in the colon of mice treated with aztreonam. Notably, B cells, via production of secretory immunoglobulin A antibodies, are important contributors to maintaining intestinal barrier function (50) .
Bacterial composition analysis revealed that treatment of patients and mice with imipenem-cilastatin resulted in reduced colonization by Clostridiales. Recent studies in gnotobiotic mice have shown that members of Clostridiales can mediate anti-inflammatory properties in the intestine (8, 10, 51) . Mechanisms include induction of regulatory T cells via biological activity of SCFA metabolites such as butyrate that are frequently produced in large amounts by members of Clostridiales (24) (25) (26) . In our system, we found no effects of antibiotics on numbers of regulatory T cells or concentrations of SCFAs. It is possible that in mice afflicted with GVHD, poor oral intake compromised the ability of Clostridiales to produce butyrate. Alternatively, heavy infiltration of donor effector T cells into the colon or an increase in IL-23 could have disrupted normal physiological induction and recruitment of regulatory T cells.
In mice with GVHD, imipenem-cilastatin treatment led to a relative expansion of A. muciniphila, a common commensal bacterium found in the intestinal tract of humans, mice, and other animals. Notably, this bacterium is unusual in its ability to use mucin as a source of carbon and nitrogen both in vitro (30) and in vivo (52) . Associated with expansion of A. muciniphila, we found that mice with GVHD exhibited loss of the colonic mucus layer and compromised intestinal barrier function. In contrast to our findings, beneficial effects of this bacterium in promoting intestinal epithelial integrity have been reported, including in the setting of murine obesity (53) and murine dextran sulfate sodiuminduced colitis (54) . On the other hand, A. muciniphila has been found to aggravate intestinal inflammation in the setting of murine Salmonella typhimurium infection (55) , and a recent study found that eliminating A. muciniphila with antibiotics could help to reinforce the mucus layer (56) . Together, it appears that the definitive role of A. muciniphila in intestinal homeostasis has yet to be completely determined and could be setting-dependent. Why Akkermansia expands in the colon of transplanted mice treated with imipenem-cilastatin is unclear; to our knowledge, Akkermansia isolates have not been noted to be resistant to imipenem-cilastatin or other related antibiotics. Competitive interactions between Akkermansia and Clostridiales have also not been described, although studies have seen similar expansions of Akkermansia after treatment of mice with other antibiotics that inhibit Clostridiales, such as clindamycin (57) . Whether expansion of Akkermansia could play a role in exacerbating GVHD in humans is also an open question.
In conclusion, our results suggest that selecting antibiotics with a more limited spectrum of activity (especially against anaerobes) could prevent microbiota injury and thus reduce GVHD in the colon and GVHD-associated mortality.
MATERIALS AND METHODS

Study design
The subjects analyzed retrospectively for the impact of antibiotics on clinical outcomes consisted of 857 adult patients undergoing allo-HSCT at Memorial Sloan Kettering Cancer Center (MSKCC) from 1992 to 2015. Patients who received conventional grafts (non-T cell-depleted) were included in this analysis; patients who received ex vivo T celldepleted grafts or peritransplant alemtuzumab were excluded. Stool specimens were collected and have been stored weekly over the course of the transplant hospitalization since 2009. The study was approved by the Institutional Review Board at MSKCC. All study subjects provided written informed consent for biospecimen collection and analysis.
GVHD was diagnosed clinically, confirmed pathologically by biopsy whenever feasible, and classified according to historical consensus criteria (18) . Cause of death was determined using a standard algorithm (58).
Transplantation practices
As per our institutional practice, patients received ciprofloxacin prophylaxis, and those undergoing more intense conditioning than nonmyeloablative regimens also received intravenous vancomycin prophylaxis starting from days −2 through 7 (59). Antibiotic prophylaxis against Pneumocystis jiroveci (trimethoprim-sulfamethoxazole, aerosolized pentamidine, or atovaquone) was given at the discretion of the transplant physician.
Analysis of specimens
For each stool specimen, DNA was purified using a phenol-chloroform extraction technique with mechanical disruption (bead beating) based on a previously described protocol (60) . Specimens were analyzed using the Illumina MiSeq platform to sequence the V4-V5 region of the 16S rRNA gene. Sequence data were compiled and processed using mothur version 1.34 (61) and screened and filtered for quality (62) . Operational taxonomic units (OTUs) were classified to the species level (63) using a modified form of the Greengenes reference database (64) . Principal component analysis was performed upon a weighted and normalized UniFrac (65) 
Characterizing antibiotic effects on intestinal microbiota
We considered 2209 specimens collected weekly between days −21 and +21 before or after allo-HSCT from 633 patients undergoing initial allo-HSCT at our center between September 2009 and May 2015. For this analysis, recipients of CD34-selected allografts were not excluded. We first confirmed that intravenous or oral sulfamethoxazole/ trimethoprim, oral atovaquone, intravenous vancomycin, and intravenous ciprofloxacin produced only minor perturbations to the intestinal microbiota (data not shown). We then applied uniform criteria to systematically identify the first antibiotic administered to each patient (besides the ones that had been determined to minimally perturb the flora) and determined whether there were (i) a stool specimen collected 10 days before starting the antibiotic and (ii) a second stool specimen collected 4 to 10 days after starting the antibiotic, while the antibiotic was still being administered, and before initiation of another antibiotic.
This approach identified 22 instances where specimens were collected flanking initiation of aztreonam (n = 6) or cefepime (n = 16), as well as 106 instances of specimens collected flanking initiation of piperacillin-tazobactam. Notably, this is a small number of instances identified relative to the total number of patients evaluated, which is a testament to how difficult it can be to identify instances where only a single antibiotic change was initiated between two stool specimens when collecting weekly specimens.
Statistical analysis
The incidence of GVHD-related mortality was estimated using cumulative incidence functions, treating relapse and death unrelated to GVHD as competing events, and compared across types of antibiotics received using Gray's test. A Fine-Gray model was used to further adjust for other clinical factors. Overall survival was estimated using Kaplan-Meier methodology and compared across factors using the log-rank test. Comparisons of bacterial abundance were performed using the Mann-Whitney U for unpaired tests. For mouse experiments, data were presented as means ± SEM or the median of the fold change. Mann-Whitney U test was used to compare all continuous end points in the mouse experiments. In all analyses, statistical significance was defined as P < 0.05 based on a two-sided test. In the experiments with multiple comparisons, we corrected the results by Holm-Sidak or Dunn's test (a = 0.05; Figs. 1F, 2A, and 4, D and E). Statistical analyses were performed using R version 3.1.0 (R Foundation for Statistical Computing) and GraphPad Prism version 6.0 for Macintosh (GraphPad Software).
Mice and bone marrow transplantation and assessment of GVHD Female C57BL/6, C57BL/6/Ly5.1, and 129S1/SvImJ mice were obtained from the Jackson Laboratory. Mice used for experiments were 6 to 9 weeks old. Mouse allo-HSCT experiments were performed as previously described (66) , with 1100-cGy split-dosed lethal irradiation of 129S1 recipients transplanted with bone marrow (5 × 10 6 ), T cell-depleted with anti-Thy-1.2 and Low-Tox-M rabbit complement (CEDARLANE Laboratories). Donor T cells were prepared by harvesting donor splenocytes and enriching T cells by Miltenyi MACS purification of CD5 (routinely >90% purity). Before the beginning of each experiment, we separated each cage of mice from the vendor to be divided as equally as possible among the various treatment groups. This helped to minimize the chances of incorrectly attributing differences observed in the microbiota to treatment effects, when in reality they are due to cage effects. In our models, we used subcutaneous injections for antibiotic treatment because of the following reasons: (i) when repeated injections of medications are administered to mice with the goal of attaining systemic levels, the most common modalities are intraperitoneal and subcutaneous injections, and (ii) intravenous injections in general are possible for a very limited number of injections, but not for repeated injections. Mice treated with the same antibiotic were co-housed and monitored daily for survival and weekly for GVHD clinical scores (67) . Small intestine, large intestine, liver, and skin samples were evaluated histologically for evidence of GVHD and scored as previously described (68) .
Cytokine analyses
Blood was collected into microcentrifuge tubes, allowed to clot, and centrifuged, and the serum was collected. Small intestine and colon tissues were homogenized, and the supernatant was used to determine cytokine levels. ProcartaPlex Multiplex Immunoassay was conducted per the manufacturer's instructions (Affymetrix). Results were acquired with a Luminex 200 instrument and analyzed with xPONENT software (Luminex Corporation).
Antibodies and flow cytometry All antibodies were obtained from BD Biosciences Pharmingen. For cell analysis of surface markers, cells were stained for 20 min at 4°C in phosphate-buffered saline (PBS) with 0.5% bovine serum albumin (BSA) (PBS/BSA) after Fc block, washed, and resuspended in DAPI in PBS/BSA. Cell surface staining was followed by intracellular staining with the eBioscience kit per the manufacturer's instructions. Dead cells were excluded with LIVE/DEAD Fixable Dead Cell Stain Kit (Invitrogen). All flow cytometry was performed on an LSR II (BD Biosciences) and analyzed with FlowJo (Tree Star Software).
Quantitative PCR for IL-23
Reverse-transcription PCR was performed with a QuantiTect Reverse Transcription Kit (QIAGEN). For real-time PCR, primer and probe sets were obtained from Applied Biosystems (IL-23a, Mm00518984_m1). PCR was performed using a StepOnePlus (Applied Biosystems) with TaqMan Universal PCR Master Mix (Applied Biosystems). Relative amount of IL23a mRNA was calculated by the comparative DC t method.
FITC-dextran assay
Mice were kept without food and water for 4 hours, and then FITCdextran (#46944-500MG, Sigma) was administered by oral gavage at a concentration of 40 mg/ml in PBS in 400 ml (16 mg) per mouse (~800 mg/kg). Four hours later, plasma was collected from peripheral blood, then mixed 1:1 with PBS, and analyzed on a plate reader at an excitation wavelength of 485 nm and an emission wavelength of 535 nm.
RNA sequencing and analysis
Mice were sacrificed on day 16 after receiving a total of three times of antibiotic treatment. The distal colon was removed and pooled (n = 4; both for aztreonam and imipenem-cilastatin treatment groups), followed by RNA isolation using TRIzol LS. RNA was prepared using RiboMinus (Life Technologies). The library was sequenced using the Ion Proton System (Life Technologies). Aligned RNA was analyzed for fold change. Differential gene expression was assessed in imipenemcilastatin-treated versus aztreonam-treated mice.
Metagenomic shotgun sequencing and analysis Paired-end raw reads from shotgun sequencing were trimmed using Trimmomatic 0.32 (69) using a maximum mismatch of 2, minimum terminal base score of 30, and the Illumina TruSeq adapter sequences. The remaining clipped reads were taxonomically assigned using Kraken (70) . Briefly, trimmed and filtered reads were taxonomically classified by k-mer resemblance to bacterial, viral, and fungal k-mer profiles generated from the NCBI Genome and Chromosome collections (accessed on 12 November 2014). Unclassified reads were further interrogated with BLAST (nucleotide database, 24 March 2015), and nonmicrobial reads were discarded. Functional analysis was conducted on quality-filtered reads using HUMAnN v0.99 (71) , which determines the abundance of genes and pathways in a given metagenomic community. To identify those functional categories that were differentially represented between the aztreonam-and imipenemcilastatin-treated subject specimens, we used LEfSe (23), a validated tool that identifies differentially abundant biomarkers such as genes, pathways, or organisms between microbial communities.
Analysis of the thickness of colon mucus Recipients were sacrificed on day 21, and 10-mm-long segments of colon together with fecal content were carefully collected and soaked into a water-free methanol-Carnoy's fixative (60% dry methanol, 30% chloroform, and 10% acetic acid) (72) overnight. The tissues were then washed in methanol and embedded in paraffin, and then 5-mm sections were placed on glass slides. Slides were deparaffinized, stained with standard periodic acid-Schiff method, and assessed by a light microscope (73) .
Immunostaining and fluorescence FISH of colon tissues Formalin-fixed colons from recipients were stained with anti-mouse CD3 antibody A0452 (DAKO), pSTAT3 antibody 9135 (Cell Signaling), CD11b antibody ab133357 (Abcam), and B220 antibody 550286 (BD Pharmingen), versus isotype control. Immunofluorescence secondary staining was performed with AF488 for pSTAT3 and B220, and AF594 for CD3 and CD11b. Pieces of colon with fecal material were fixed in Carnoy and bacterial FISH (EUB338) (32) , and immunostainings were done with MUC2C3 antiserum and DNA by Hoechst 34580 (Life Technologies) as previously described (74, 75) . The dilutions of the primary antibodies used were as follows: B220 (0.3 mg/ml), CD11b (0.5 mg/ml), pSTAT3 (0.1 mg/ml), CD3 (1.2 mg/ml), EUB338 (10 mg/ml), and MUC2 (2 mg/ml).
Analysis of SCFAs
Recipients were sacrificed on day 21 after allo-HSCT, and stool specimens from cecum were collected. SCFA levels were determined by 1 H NMR spectroscopy (76, 77) using UNITY INOVA 600 NMR spectrometer (Varian).
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